ABSTRACT
INTRODUCTION
The cone index achievement, resulting from resistance measurement offered to the soil by the penetration of a metal cone in the profile, is one expedite method to characterize its physical state. The resulting parameter from this determination is often correlated with the mechanical impedance for roots' development, or so with the degree of compaction or soil density, as well as, with the changes in this parameter, caused by the traffic of machines and equipments, with the traction capacity prediction and the results of operations performed by agricultural implements, among other uses.
The interest in cone index measurement was considerably increased with the acreage developing under no tillage system, where there is the compaction increase of the soil surface layers and its consequential interference in the agricultural productivity. However, the information about the negative effects of soil compaction in crop productivity, under field conditions, are scarce, as a result of the difficulty in isolating the factor soil compaction (Secco et al. 2004) . These authors concluded that densities up to 1.51g cm -3 and penetration resistance of 2.6 MPa did not affect soybean yield. Working in different soil conditions, variety and moisture, Beutler & Centurion (2004) found productivity decrease (also for soybean) from penetration resistance with superior values than 0.85 MPa. Freddi et al. (2009) affirm that both increases, the bulk density and the penetration resistance, influenced negatively in corn yield, even as top values of root growth were at intermediate levels between the highest and lowest penetration resistance values obtained in the study.
With the objective of evaluating the traffic effects of tires with different tread construction characteristics (radial or diagonal) and the applied loads on the soil, Nagaoka et al. (2003) used cone penetrometers, concluding that the increasing of load applied, causes an increment on penetration resistance, and this fact is credited to the bulk density increase. It was also detected the effect due to different types of tire construction. Fernandes et al. (2008) identified areas where the cone penetration resistance in soil is influenced by the traffic of forest harvesting equipment.
Studying the moisture influence in resistance to penetration, Assis et al. (2009) concluded that the relations are reversed. Major changes were observed in the cone index for small moisture variations and higher degrees of resistance in clay soils than in sand soils. Furthermore, Molin et al. (2006) comment that the soil moisture largely affected by its clay content, is one of the factors that influences the values of cone index measured by penetrometers. Cunha et al. (2002) showed similar conclusions, adding the fact that compaction amount also increases cone index values. Lima et al. (2007) states that different penetration resistance values occur when soil moisture varies, with 2 MPa cone index may represent densities from 1.44 to 1.76 g cm -3 , and the 3 MPa cone index could be relative to the range of 1.53 to 1.88 g cm -3
. However, Sojka et al. (2001) reported that, besides the use of instruments to measure the cone penetration into the soil is very common as a physical characterization method, such determinations are rarely followed by another information that allows to quantify how obtained cone index values are influenced by other parameters related with physical properties of each soil. Moreover, as found by Beutler et al. (2007) , different equipments can produce distinct results under the same conditions, although indicate equivalent tendencies. The authors noticed that these results are related with devices construction characteristics, even though the cone used in the measurements were standardized.
Using distinct geometry cones, Sudduth et al. (2004) observed different penetration resistance values, in equivalent soil conditions. The same tests were repeated for varied penetration speeds, and no differences were observed between the equipment responses. In addition, Fritton (1990) observed that laboratory tests had shown that the average variation of speed penetration of a cone in soil may result in 11% cone index values variation. ASAE (2003) recommends that cone penetration rate should be 30 mm s -1 and suggests that for hard or firm soil, which is impossible to maintain this speed, small variations to less would not result in significant errors. Despite many authors' affirmations about the influence of cone penetration speed of the penetrometers, Oliveira et al. (2011) affirm that many tests are still necessary, in order to obtain more details about the soil-penetrometer interaction at penetration variable rates.
Therefore, this study aimed to verify, in controlled laboratory conditions, the influence of the soil water content and the cone penetration rate, to obtain the cone index, when density variation occurs.
MATERIALS AND METHODS
The granulometric composition of the soil used in the tests consisted of 438 g kg -1 clay, 151 g kg -1 silt and 411 g kg -1 sand and were classified, according to Embrapa (2009), as eutroferric red latosol, clay texture. The water content and the bulk density were obtained in each test, according to Embrapa (1997) .
Soil samples were collected and scattered in a black plastic film, for air drying. After that, were sieved through a 4 mm mesh sieve, again distributed over the black plastic film, in a uniform layer with a thickness of approximately 50 mm, moistened with water, gradually sprayed by a costal sprayer, until an approximate saturation condition was observed. With the purpose of homogenizing the water content, the material was exposed to the weather for three days, and at the end of this time, was divided into four equal volume parts. One of then was immediately wrapped in polyethylene plastic bags, in order to preserve its water content. The other three parts kept exposed to the air, in shade, so that, upon evaporation, the water content variation was obtained. Every two days, each of the remaining parts was also wrapped in plastic bags.
The penetration resistance tests were performed on artificially compacted soil specimens. To obtain these specimens, devices were constructed, from metal cylinders, with 0.4 m length and 0.16 m internal diameter. The cylinders were lengthwise divided, and these halves were joined together by hinges, to allow its opening, as shown in Figure 1 . Diametrically opposed flanges were used to keep the device closed, during the compression of the soil deposited inside.
The experiment was conducted in a completely randomized design, with four moisture levels and three cone penetration speeds. Preliminary tests determined that, due to the standard deviation observed for the compacted soil density obtained, each procedure must be repeated four times. Furthermore, it was observed that at the end of each compression was necessary that the press used remained static for at least 600 s until the compression stress was stabilized in each layer, with no volume change. Figure 2 shows the soil behavior for a certain compressive layer, which refers to the volume variation and subsequent stress stabilization.
Soil compaction was performed according to ABNT NBR 7182 (1986) , adapted to the use of universal tensile and compression equipment Instron TM , model 4466. The soil was placed on the cylinder, in layers, with a volume of 4.98 dm 3 each. As the soil of each layer was added into the cylinders, metal rings were laterally placed, whose objective was to obtain samples to determine soil density and water content and, subsequently, correlate with cone index observed at that position (see Figure 2) . The maximum 4 stresses the soil was exposed to promote the different densities were 98.1 kPa, 196.1 kPa, 294.2 kPa and 392.3 kPa. After each layer addition, a metal plate with the same cross-sectional shape of the compaction device was placed over the soil portion, to its compression by vertical displacement, at a constant speed of 0.33 mm s -1
. Before adding a new layer of soil, the previous layer surface was scarified, and the process was repeated, until the distance between the cylinder upper edge and the soil therein was fewer than the corresponding value of two rings samplers' heights. In this case, the cylinder volume was completed to its maximum, and the final compression proceeded, forming the specimen.
The soil penetration resistance was determined using ASAE standard cone (1999), in three speeds levels: V1 = 2.83 mm s . The rod which supports the cone was adapted to the press used to compress the specimen, whose load cell recorded, with 5 mm intervals, the cone displacement and the correspondent force to penetration resistance. The first 25 mm readings, corresponding to the cone height, were discarded.
After each determination, the cylinders were opened for removing the metal rings from its inside position, being determined each metal ring position in relation to the device bottom. The rings were thinned at both ends, and the collected soil from its inside were transferred to aluminum caps and forwarded to oven drying for moisture and density determination.
The statistical analysis were performed based on different repetitions numbers. It was considered repetition the values pairs that make correspondence between the cone index and soil density, founded in each metal ring placed inside the cylinders. The measurements produced more than ten thousand pairs of points, which were divided into seven density classes. The objective was to determine an average for the soil density value, which the variation coefficient was less than 4%. At first, the variance analysis F-test was applied and, subsequently, the cone index average, for each speed of penetration, were compared by Tukey test.
RESULTS AND DISCUSSION
Moisture conditions where the soil was worked and the bulk density obtained, after the compression process, are shown in Table 1 . The compaction process did not produced uniform density soil blocks at specimens and, when the water content was higher than 0.2 kg kg -1 (U1 and U2), it was difficult to obtain bulk densities with lower values (1.11 and 1.21 g cm -3
), while when the water content was less than 0.2 kg kg -1 (U3, U4), higher values of density were not obtained. Probably, soil particles are better accommodated in the presence of water, resulting in higher bulk density, even with lower compressive loads. Bulk density variation occurred, within each sample, in every determination, mainly in the transition region between compacted layers, successively, which was satisfactorily found by the introduction of metal rings in the cylinders.
Regardless the cone penetration speed (Table 2) , it was observed that as the soil moisture decreases, the cone index values increase with increasing of bulk density, which agrees with the results of Lima et al. (2007) . However, as the bulk density values decrease, there is a difficulty in correlating its variation with the corresponding value obtained for the cone index, which is evident in the case of higher moisture levels (U1, U2). In U4 moisture content, the cone index was able to detect changes in soil density, for all levels.
Working with dystrophic latosol confined in PVC tubes, which the texture is similar to the soil texture used for this test, Beutler et al. (2007) concluded that there is a correlation between the cone index values obtained by penetrometers, and bulk density. The authors used the specimens with three levels of compactation (soil densities equal to 1.17, 1.41 and 1.58 g cm -3 to a water content of 0.12 kg kg -1 to 0.93; 1.15 and 1.27 g cm -3 to a water content of 0.27 kg kg -1 ) and three replications. When these results were compared with the present study results, it was observed that they agreed with those obtained for moisture U4 (0.12 kg kg -1 ), but it was impossible to compare the results obtained for moisture U1 (0.264 kg kg -1 ), because in this case, corresponding values of bulk density were not obtained to allow the comparison. Nevertheless, the trend observed in Table 2 shows that the bulk density values lower than 1.50 g cm -3 , for moisture U1, doesn't show significant statistics differences. Figure 3 shows the results obtained for cone index values, for different density and soil moisture degrees. These results indicate that cone index values are influenced by the soil water content, which agrees with the information of Molin et al (2006) . Stress variation during the soil compression process and its response during the stabilization period, when the press stopped the dislocation by the force at the maximum, for which it was scheduled (3.842 kN), with soil water content of 0.224 kg kg -1 . Table 1 . Water contents (U1 to U4) and bulk density (Ds, 1-7) and their respective variation coefficients (cv), obtained from the analysisof the collected material from the rings included in the specimens Table 2 the water contents are associated with capital letters U, followed by numbers 1 to 4.
For the same soil density values, it is observed that the cone index values increase with the decrement of soil water content, in agreement with Busscher et al. (1997) , Cunha et al. (2002) , Tormena et al. (2002) and Watanabe et al. (2002) , except for values under 1.21 g cm -3 , in moisture U4, for the same values, in U3. This fact can be explained because, by removing the disk used on the cylinder to subordinate the soil to compression when the specimens were compacted, it was noticed that the surface was not aggregated enough (loose soil), a fact that was characterized in the last layer. Even ignoring the first 25 mm on the specimens surface readings, and as the soil was still loose in the surface layer, it was resulted from this, penetration resistance lower values.
The soil moisture was determinant in the results' behaviour (Figure 4) , because, for soil water content higher than 0.187 kg kg -1 (U3), the cone penetration speed variation didn't show a conclusive tendency to the middle in the result, while for the lower moisture (U4 = 0.120 kg kg -1 ), the results were antagonistic, with the bulk density increase. ) for each speed (V) at each moisture level (U) 
*In columns, same letters indicate equal values at Tukey test, with statistical significance at 5% probability. For lower moisture, it was difficult to obtain bulk density higher values, probably because of water lubrication action. The opposite occurred for high moisture, where the material were more easily compacted by the load. In this case, lower bulk densities produced higher cone index values, in higher speeds, inverting the result from 1.21 g cm -3
, while the lower speeds produced higher values. The results showed that, in contrast to Fritton (1990) assertions, it was impossible to generalize penetration speeds effects by varying the cone index values, since statistical analysis results do not indicate a standardized behavior, which agrees with Oliveira et al. (2011) conclusions. The results, however, suggest that higher moisture content (U1 and U2), influence on cone index speed, especially when the bulk density increase, disagreeing with Sudduth et al. (2004) and ASAE (2003) assertions. In this study, the variation from 3 mm s -1 (10% relative value as the established standard in the cone index determinations) in the speed penetration was sufficient to cause differences on results.
CONCLUSIONS
The cone index determination is strongly influenced by soil moisture and, it is necessary that, when using this parameter as characteristic or physical soil property, the values be supplemented by the information of which moisture they were obtained.
The speed penetration variation of the cone into the soil, in the studied limits, was not sufficient to influence, decisively, the cone index values. However, some tendencies suggest that, for higher levels of water in soil, higher penetration speeds may change the readings, with the increase of bulk density.
The reduction of soil water content may increase the cone index sensitiveness to detect bulk density variations. However, more studies are necessary to confirm this statement.
